The components of the extracellular matrix (ECM) play important roles in tissue development and maintenance of tissue integrity in the uterus, 1, 2) and their metabolism is implicated in reproductive events such as implantation, placentation and cervical ripening. 3, 4) To investigate cellular functions during reproductive cycles, in-vitro culture models using collagen as an appropriate substratum have been reported for endometrial fibroblasts and epithelial cells from humans and rats, because in-vivo types of cellular structure and functions have been mimicked in these models.
Therefore, the in-vitro reorganization of the endometrium with appropriate three-dimensional cytoarchitechture seems to serve as a valuable strategy for studying the molecular mechanisms of implantation and placentation.
During implantation and placentation, the uterine endometrium functionally differentiated and involved in the regulation of trophoblast invasion and proliferation. 4) Remodeling of ECM in the uterine endometrium is a requisite event for embryonic implantation and early placentation, and is regulated by matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs). 4, [8] [9] [10] On the other hand, trophoblasts in bovidae such as cows and goats have been found to be non-invasive or the extent of invasion is very limited, 11, 12) whereas trophoblasts in humans and mice are highly invasive and penetrate into endometrial stromal tissues. 4) It has been reported that human and bovine trophoblasts produce MMPs such as gelatinase A/MMP-2, gelatinase B/MMP-9 and membrane type-1 MMP (MT1-MMP). [13] [14] [15] In addition, TIMPs-1, 2 and 3 have been detected in the endometrium and trophoblasts from humans, rodents and bovidae.
14-18) Therefore, it seems likely that successful implantation will be associated with maternal MMPs and TIMPs derived from the endometrium. However, the regulation of MMP and TIMP expression in the bovine endometrium has not been well understood.
In the present study, to clarify the mechanism of ECM remodeling in bovine endometrium, we have established the culture model of bovine endometrial stromal cells (BESCs) using type-I collagen gel and investigated the regulation of the production of MMPs-2, 3 and 9 and TIMP-3 in the presence or absence of transforming growth factor-b1 (TGF-b1), which is a crucial factor of ECM remodeling in implantation and placentation. [19] [20] [21] [22] In this way, we demonstrated for the first time that a cellular interaction with collagen and/or TGF-b1 augmented the expression of promatrix metalloproteinase (proMMP-9) and TIMP-3 and suppressed the gene expression of proMMP-3 in BESCs, while the expression of proMMP-2 was not changed.
MATERIALS AND METHODS

Preparation of Bovine Endometrial Stromal Cells
The uterus of a pregnant cow was obtained from a local abattoir and the gestation time, which was estimated by the size of fetus, was approximately four months. BESCs were isolated from the maternal endometrium in intercaruncular, but not caruncular, regions of the uterine tissue, in order to avoid the contamination of embryo-derived cells, which would be expected if the maternal endometrium in caruncular regions were used. 23) Briefly, intercaruncular endometrial tissues were dissected and surgically separated from smooth muscle tissues. The endometrial tissues were incubated with 0.1% April 7, 2003 (w/v) bacterial collagenase (Wako Pure Chemical Co., Osaka, Japan) in phosphate buffered saline (PBS) (Invitrogen Co., Carlsbad, CA, U.S.A.) at 37°C for 1 h, and after filtration with a sterile metal mesh (40 mesh/inch) the digested cells were centrifuged at 100 g for 5 min. The precipitated cells were plated on culture dishes coated with type-I collagen and cultured to confluence. The cells were incubated with PBS containing 0.02% (w/v) EDTA at room temperature for 5 min, and then incubated with 0.25% (w/v) trypsin without EDTA for less than 3 min. Thereafter, almost all the fibroblast-like cells BESCs, were detached from the culture dishes, while the epithelial cells remained on the dishes. The BESCs were collected by centrifugation and cultured in DMEM/F12 (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (Asahi Techno Glass Co., Tokyo, Japan). In this experiment, BESCs of the 17th to the 28th passage level were used.
Culture of Bovine Endometrial Stromal Cells on Type-I Collagen Gel Porcine type-I collagen solution (0.3% (w/v); Nitta Gelatin Co., Osaka, Japan) was diluted to 0.2% (w/v) with 5-times concentrated DMEM/F12 and a buffer (200 mM Hepes, 2.2% (w/v) NaHCO 3 and 50 mM NaOH), and then 1 ml of the diluted solution was added into a well in a 12-well polystyrene multiplate (Asahi Techno Glass). The plate was pre-incubated to make a collagen gel for 1 h at 37°C, and then a stainless-steel O-ring (15-mm diameter) was placed on the center of the collagen gel in a well and then 100 ml of BESCs (2ϫ10 5 cells) suspended in DMEM/F-12 with 10% (v/v) fetal bovine serum were added inside the O-ring (see Fig. 1 ). The cells were incubated at 37°C under the same condition for 2 h to achieve cell adhesion. After removing the medium and the O-ring, a fresh portion of the same culture medium was added to the well and then the cells were cultured for 2 weeks. In addition, BESCs cultured on collagen gel were fixed with 4% (w/v) paraformaldehyde and embedded in paraffin, and then subjected to Mayer's hematoxylin and eosin staining (Wako) and immunostaining for vimentin and keratin/cytokeratin as previously described.
23)
Cell Treatment To monitor the expression of MMPs, the cells cultured for 2 weeks were washed once with DMEM/F12 supplemented with 0.2% (w/v) lactalbumin hydrolysate (Sigma Chemical Co., St Louis, MO, U.S.A.) and then treated with the same medium in the presence or the absence of human recombinant TGF-b1 (R&D System Inc., Minneapolis, MN, U.S.A.) for 24 h. In addition, similar treatments were performed with confluent BESCs cultured on plastic dishes. The harvested culture medium was stored at Ϫ20°C until use.
Gelatin Zymography The harvested culture medium (10 ml) was subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with 10% (w/v) acrylamide gel containing gelatin (0.6 mg/ml) (Difco Laboratories, Detroit, MI, U.S.A.) under the non-reducing condition. The gel was washed with washing buffer (50 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 10 mM CaCl 2 , 1 mM ZnCl 2 , 0.1% (v/v) Triton X-100) to remove SDS and then incubated at 37°C in an incubation buffer (50 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 10 mM CaCl 2 , 1 M ZnCl 2 ). The gel was then stained with Coomassie brilliant blue R-250, and gelatinolytic activity was detected as unstained bands on a blue background. The relative amounts of proMMP-9 were quantified by densitometric scanning using the Image Analyzer LAS-1000 plus (Fuji Photo Film Co., Ltd., Tokyo, Japan).
Semiquantification of ProMMP-2, ProMMP-3 and TIMP-3 mRNA Levels Gene expression of proMMP-2, proMMP-3 and TIMP-3 in BESCs was monitored by reverse transcriptase-polymerase chain reaction (RT-PCR). 24) Briefly, isolated cytoplasmic RNA (3 mg) was subjected to first-strand cDNA synthesis and then one-tenth of the generated cDNA was used for PCR amplification. PCR primers for human proMMP-2, 24) human proMMP-3; 5Ј-AGTGGAAATGAAGAGTCTTC-3Ј (sense) and 5Ј-GT-CACCTCTTCCCAGACT-3Ј (antisense), 25) human TIMP-3; 5Ј-CTACACCATCAAGCAGATGAAGATG-3Ј (sense) and 5Ј-GCTCAGGGGTCTGTGGCATTGAT-3Ј (antisense) 26) and human GAPDH 24) were synthesized and utilized for the amplification of bovine proMMP-2, proMMP-3, TIMP-3 and GAPDH, respectively. The amplification of these genes was performed at 92°C for 40 s, 56°C for 40 s and 72°C for 60 s after initial denaturation at 95°C for 2 min. The amplified PCR products of bovine proMMP-2 (496 bp), proMMP-3 (443 bp), TIMP-3 (457 bp) and GAPDH (598 bp) were analyzed with 1% (w/v) agarose gel and visualized by ethidiumbromide staining. The relative amounts of the amplified genes for proMMP-2, proMMP-3 and TIMP-3 were quantified by densitometric scanning and then indicated after correction for the GAPDH value. We confirmed the linear amplification of bovine proMMP-2 and GAPDH between 28 and 32 cycles and bovine proMMP-3 and TIMP-3 between 30 and 35 cycles. Furthermore, the cDNA sequences of the amplified PCR products (DDBJ/EMBL GenBank database: AB043994, AB043995 and AB091678 for bovine MMP-2, MMP-3 and TIMP-3, respectively) were confirmed after they were cloned into pGEM-T vectors (Promega, Madison, WI, U.S.A.) as previously described.
27)
Statistical Analysis A one-way analysis of variance (ANOVA) was used for statistical analysis, and then the Fisher test was applied when multiple comparisons were performed.
RESULTS
Culture of Bovine Endometrial Stromal Cells on Collagen Gel
We first established a culture model of BESCs using collagen gel. When BESCs were seeded on the center of collagen gel placed in culture dishes (Figs. 1A, B) , the cells were grown and formed multiple cell layers in the center of the collagen-gel-coated well after 2 weeks (Figs. 1C,  D) . In addition, BESCs in multiple cell layers were found to be vimentin-positive, but keratin/cytokeratin-negative (data not shown), indicating that this culture model histologically mimicked bovine endometrial stroma in vitro. Therefore, it seemed to be useful for studying bovine endometrial functions in vitro.
Regulation of Production and Gene Expression of ProMMPs in BESCs on Collagen Gel
To investigate a mechanism of ECM remodeling in bovine endometrium, we examined the regulation of MMP and TIMP production in BESCs cultured on collagen gel in the presence or absence of TGF-b1 in comparison to culture in plastic dishes. As shown in Figs. 2 and 3A , the production and gene expression of proMMP-2 were constitutively detected in BESCs on plastic dishes. When the cells were cultured on collagen gel, the levels of proMMP-2 mRNA were unchanged, but the activation of proMMP-2 was augmented. In addition, TGF-b1 (10 ng/ml) did not influence the production and gene expression of proMMP-2 and its activation in BESCs on both plastic and collagen-gel dishes (Figs. 2, 3A , Table 1 ). Furthermore, the production of proMMP-9 was induced in BESCs cultured on collagen gel, whereas it was not detectable in cells on plastic dishes. TGF-b1 also augmented proMMP-9 production in both plastic and collagen-gel dishes (Fig. 2 , Table 1 ). In contrast, as shown in Fig. 3B and Table 1 , the gene expression of proMMP-3 was significantly diminished in BESCs on collagen-gel dishes when compared with its expression in cells on plastic dishes. The levels of proMMP-3 mRNA were further suppressed by TGF-b1 in cells on both plastic and collagen-gel dishes. These effects of TGF-b1 on the expression of proMMP-9 and proMMP-3 were observed in a dose-dependent manner (1-10 ng/ml) (data not shown).
Therefore, these results suggested that the expression of proMMPs-2, 3 and 9 is differentially regulated in in-vitro regenerated endometrial stroma.
Regulation of TIMP-3 mRNA Expression in BESCs Cultured on Collagen Gel Since TIMP-3 is a pivotal factor to control MMP activity in endometrial ECM remodeling in humans, 28) we investigated the expression of TIMP-3 mRNA in BESCs. As shown in Fig. 3C and Table 1 , the mRNA expression of TIMP-3 was slightly, but not significantly, augmented in BESCs on collagen gel, whereas it was negligible in plastic dishes. In addition, TGF-b1 was found to significantly augment the mRNA expression of TIMP-3 on both plastic and collagen-gel dishes. Thus, it is suggested that, like in the case of human, 17) the expression of TIMP-3 mRNA in bovine endometrium is augmented by TGF-b1. , and then incubated for 2 h to achieve cell adhesion. After removing the medium and the O-ring, a fresh portion of the same culture medium was added into the well [C] . [D] , BESCs at the 21st passage were cultured on collagen gel for 2 weeks and then stained with Mayer's hematoxylin and eosin as described in Materials and Methods. Bar in the panel indicates 300 mm.
Fig. 2. Expression of ProMMP-2 and ProMMP-9 in Bovine Endometrial Stromal Cells on Collagen Gel
BESCs at the 17th passage were cultured on plastic dishes (Col(Ϫ)) or collagen-gel dishes (Col(ϩ)) for 2 weeks and then treated with TGF-b1 (10 ng/ml) in DMEM/F12 supplemented with 0.2% (w/v) lactalbumin hydrolysate for 24 h. The harvested culture media were subjected to gelatin zymography as described in Materials and Methods. Four independent experiments were highly reproducible and typical data are shown. aMMP-2, activated MMP-2.
Fig. 3. Differential Regulation of Gene Expression of ProMMP-2, ProMMP-3 and TIMP-3 in Bovine Endometrial Stromal Cells on Collagen Gel
BESCs at the 28th passage were cultured on plastic dishes (Col(Ϫ)) or collagen-gel dishes (Col(ϩ)) for 2 weeks and then treated with TGF-b1 (10 ng/ml) for 24 h as described in Fig. 2 
DISCUSSION
Remodeling of ECM by different sets of MMPs in the human uterine endometrium is a crucial event for reproductive functions such as implantation and placentation.
29) It has also been reported that proMMP-2 and proMMP-9 are detected in bovine placenta in vivo 15, 30) and in ovine endometrial cells in vitro. 31) Furthermore, the expression of proMMP-2 and its activation increase in mouse uterine stromal and decidual cells during implantation and placentation. 7, 16, 32) Therefore, the examination of MMP expression may be requisite for understanding bovine endometrial functions such as ECM remodeling. In the present study, we demonstrated that proMMP-9 production was augmented in BESCs on collagen gel. In addition, changes in mRNA levels of proMMP-2 were not observed, but the activation of proMMP-2 was augmented in BESCs on collagen gel, which may be attributed to the increase of MT1-MMP production by cell-collagen interaction.
33) Therefore, we suggest for the first time that the expression of MMP-2 and MMP-9 in bovine endometrium is differentially regulated by cell-ECM interaction. Moreover, gelatinolytic activity attributed to MMP-2 and MMP-9 may be pre-requisite for maintaining ECM in bovine endometrium in vivo.
In contrast to proMMP-9, the expression of proMMP-3 was diminished in BESCs cultured on collagen gel. Bellingard et al. 34) reported that cell-cell contact inhibits the mRNA expression and production of endometrial proMMP-3 in co-culture of human endometrial fibroblasts and cytotrophoblasts. They further reported that the inhibition of proMMP-3 expression is not observed when human skin fibroblasts are co-cultured with cytotrophoblasts. 34 ) Therefore, we suggest that the down-regulation of proMMP-3 expression by direct cell-ECM or cell-cell contact may be restricted to uterine endometrial stromal cells in both humans and bovidae.
TGF-b plays important roles in tissue development by stimulating ECM biosynthesis and suppressing MMP production. 4) In addition, TGF-b1 is produced in endometrial stromal and epithelial cells, and involved in tissue remodeling of the endometrium in an autocrine or paracrine manner. [35] [36] [37] On the other hand, no effect of TGF-b1 on proMMP-9 expression has been reported in endometrial stromal cells from humans 17) and rats. 18) In addition, it has been reported that TGF-b1 inhibits the production of proMMP-9 and proMMP-3 in purified first-trimester human cytotrophoblastic cells 22) and in human fibroblasts. 37) In the present study, TGF-b1 suppressed the gene expression of proMMP-3 but it augmented the production of proMMP-9 in BESCs on collagen gel. Therefore, these results suggest that the action of TGF-b1 on MMP-3 expression is similar in bovidae and humans, but TGF-b1-mediated regulation of MMP-9 expression in bovine endometrium may differ from that in humans. MMPs have been extracellularly or intracellularly converted to low-molecular species by proteolytic deletion of the N-terminal propeptide to obtain enzymic activity. 9) In addition, MMP activity is counterbalanced by the TIMPs that form a 1 : 1 stoichiometric complex with MMPs. 9, 10) Therefore, the molar ratio of MMPs to TIMPs is likely to be important in degrading the endometrial ECM during implantation and placentation. TIMP-1 and TIMP-2 are produced in endometrial stromal cells and decidual cells, and trophoblasts from humans, rodents and bovidae. [14] [15] [16] [17] [18] Furthermore, it has been reported that maternal TIMP-3 plays an important role in the regulation of trophoblast invasion and decidualization in human endometrium. 28) We demonstrated here that the mRNA expression of TIMP-3 was not detected in BESCs on plastic dishes, but induced in the cells on collagen gel. In addition, the treatment of BESCs with TGF-b1 resulted in a significant increase of TIMP-3 mRNA. We already reported that the production of TIMP-1, but not TIMP-2, is augmented by TGF-b1 at the post-transcriptional level in BESCs on plastic dishes. 38) Taken together, therefore, these results suggest that, as in humans and mice, ECM and TGF-b1 may play important roles in successful implantation in the bovine endometrium by augmenting maternal TIMP-1 and TIMP-3.
In humans and mice, trophoblasts invade the maternal endometrium. 4) In addition, it has been reported that bovine and capric trophoblasts are not invasive or have limited invasiveness, 11, 12) suggesting that the difference in implantation may attribute to the ability of the embryo to invade the endometrium. On the other hand, while the maternal endometrium has been found to play important roles in the successful implantation and placentation in humans and mice, 16, 29) sparse data of bovine endometrial functions have been found, primarily because a cell culture system of bovine endometrial cells had not yet been established. In the present study, we established a culture model of BESCs using type-I collagen gel, which seems to mimic in-vivo-like function of ECM remodeling by MMP and TIMP. 15) In addition, in this way, the culture of BESCs could be maintained for at least 4 weeks without gel contraction (data not shown). Therefore, this culture system of BESCs with collagen gel is likely to be a useful model for investigating cellular functions of bovine 1016 Vol. 26, No. 7 a) The relative amounts of proMMP-2, proMMP-3 and TIMP-3 mRNA in Fig. 3 were quantified and numerically expressed, taking the untreated cells (None) on collagengel-culture dishes as 1.00 after normalizing against that of GAPDH mRNA. b) The relative amounts of proMMP-9 in Fig. 2 were similarly quantified by densitometric scanning and numerically expressed, taking the untreated cells (None) collagen-gel-culture dishes as 1.00. Data are shown as the meanϮstandard deviation (S.D.) of four independent experiments. * and * * , significantly different from the untreated cells (None) on collagen-gel-culture dishes (pϽ0.05 and 0.01, respectively). † and † † , significantly different from the untreated cells (None) on plastic culture dishes (pϽ0.05 and 0.01, respectively). N.D., not detectable. endometrium such as stromal-epithelial cell interaction in vitro.
In conclusion, we established a culture system of BESCs on collagen gel with MMP-and TIMP-producing activity and response to TGF-b1, which may become a useful model for elucidating in-vivo cellular functions of the bovine endometrium. Furthermore, an interaction of the pericellular ECM with endometrial stromal cells may be attributed to the regulation of MMP-mediated degradation of bovine endometrial ECM during implantation and placentation.
